Many viruses are known to disarm or suppress the cell death machinery of infected cells. Apoptotic cell death can be activated by aggregation of the CD95 cell surface death receptor in sensitive cells, and in most insensitive cells treated with sensitizing agents such as interferon-gamma or inhibitors of protein synthesis. We show that, subsequent to sequestration and inactivation of the p53 tumour suppressor protein, SV40 abrogates p53-dependent, DNA damageinducible up-regulation of CD95 surface expression. Loss of surface up-regulation of CD95 after sub-lethal mitomycin C treatment resulted in an impaired enhancement of both caspase-8 cleavage and apoptotic cell death following CD95 aggregation. We conclude that infection of human cells with SV40 virus strongly inhibits DNA damageinduced enhancement of CD95-mediated apoptosis.
Introduction
Dysregulation of cell death occurs during the course of many diseases, including cancer, autoimmunity, AIDS, neurodegeneration, and viral infection. Cell death can be induced by signals through the death receptors CD95 (Fas/APO-1), CD120a (TNF-R1), death receptor 6 (DR6), TRAMP (DR3), and TRAIL receptors DR4 and DR5, in many cell types. Death receptors activate intracellular proteases of the caspase family during apoptotic cell death. Initiator caspases can cleave and thereby activate additional caspase family members; ultimately, eector caspases cleave and disable vital cellular components, including proteins involved in DNA repair, DNA itself, and cytoskeletal proteins such as cytokeratin-18 (Caulin et al., 1997) .
Aggregation of CD95 with its ligand or with a monoclonal antibody transmits a signal into the cytoplasm that induces sequential recruitment of the protein FADD and the pro-enzyme form of caspase-8 (reviewed in Krammer, 1999) . Once recruited to FADD, pro-caspase-8 is autocatalytically cleaved to its active form and can intiate further activating cleavage of downstream caspases, including caspase-3, a central eector caspase. Caspase-8 also truncates the protein Bid, which subsequently promotes release of cytochrome c from mitochondria, leading to further activation of caspases.
Each death receptor has a corresponding ligand in vivo, and the physiological ligand for CD95 is CD178 (CD95-ligand/Fas-ligand). Surface expression of CD178 is induced on activated T-lymphocytes and natural killer cells as a mechanism for inducing cytotoxicity in target cells, and the CD95:CD178 system appears to be involved in eliminating at least some virally infected cells (Topham et al., 1997; Harty et al., 2000) and tumour cells. CD95 is constitutively expressed on many tissues in the body (Leithauser et al., 1993; Nguyen et al., 1996) and on many tumour cells (Owen-Schaub et al., 1994; Dirks et al., 1997) . Tumour cells induced or engineered to express high levels of CD95 can be killed in vitro by perforinde®cient T-lymphocytes (Sayers et al., , 1998 . Similarly, perforin-de®cient NK cells can induce CD95 expression in a non-expressing tumour target and thereafter kill the tumour cells in a CD95-dependent manner (Screpanti et al., 2001) . Furthermore, in perforin-de®cient mice, resistance to an injected tumour cell line was reported to occur through CD95-mediated killing (Rosen et al., 2000) . In other models, the in vivo anti-tumour eects of interleukin-12 (Wigginton et al., 2001 ) and interleukin-18 (Hashimoto et al., 1999) were exerted through a CD95-dependent pathway.
During viral infection of host cells, viruses need to avoid rapid activation of caspases to allow sucient time for replicating their genome. Many viral inhibitors of caspases, and of their activation, have been described (reviewed in Tortorella et al., 2000) . Members of the p35 and inhibitor of apoptosis (IAP) families, encoded by baculoviruses, suppress caspase activity during viral infection, and mammalian IAP homologues inhibit multiple caspases. The adenovirus 14.7 K protein, and also viral and cellular forms of FLICE-inhibitory protein (vFLIP and cFLIP), inhibit activation of caspase-8, a potent initiator caspase. The cytokine response modi®er (CrmA) protein of cowpox virus inhibits caspases-8 and -1. In addition, SV40 and some strains of adenovirus and human papilloma virus encode proteins that inactivate p53, a tumour suppressor protein that can activate transcription of pro-apoptotic genes (reviewed in Vousden, 2000) and cell cycle arrest Kuerbitz et al., 1992; Bunz et al., 1998) . Viral inhibition of the apoptotic pathway argues that apoptosis speci®cally protects against viral infection.
SV40 can infect a subset of human cell lines in vitro. SV40 infection is lytic in some of these cell lines, but non-lytic in others which do not permit replication of viral DNA. SV40 encodes two regulatory proteins, large tumour antigen (T-antigen) and small tumour antigen (reviewed in Fanning and Knippers, 1992) . Tantigen is reported to aect multiple molecular pathways, and is responsible for inhibiting the activities of several proteins normally involved in the response to cellular damage, notably the retinoblastoma and p53 proteins. T-antigen sequesters p53, stabilizing its transient half-life but rendering it inactive (Lane and Crawford, 1979) . Small t-antigen complements the activities of T-antigen and contributes towards malignancy by activating the mitogen-activated protein kinase (MAPK) pathway through inhibition of protein phosphatase 2a and stimulation of the activities of MAPK kinase-1 (MKK1) and extracellular signalregulated kinase 1 (ERK1) (Sontag et al., 1993) . We were interested whether and how live infection of human cells with SV40 might aect the CD95 system.
Results

Attenuation of CD95-mediated apoptosis by SV40
Based on studies employing transgenic expression, it has been reported that T-antigen embodies an antiapoptosis activity independent of p53 sequestration (Conzen et al., 1997; Tsai et al., 2000) . To establish whether expression of SV40 genes at physiologic levels is sucient to aect CD95-mediated apoptosis, MCF-7 cells were infected with SV40, treated with various concentrations of anti-CD95 IgM antibody, and subsequently examined for fragmentation of DNA and cleavage of cytokeratin-18. An increase in the percentage of cells containing a sub-G1 amount of DNA (indicative of DNA fragmentation) was observed with logarithmic increases in the concentration of anti-CD95 antibody, but this increase was partially inhibited in SV40-infected cells (Figure 1a ). Preincubation with an antagonistic anti-CD95 antibody blocked the induction of anti-CD95 antibody-mediated sub-G1 events (data not shown). SV40 infection also suppressed CD95-mediated cleavage of cytokeratin-18 ( Figure 1b) . As a control for the eciency of infection, expression of T-antigen was examined. Infection resulted in detectable expression of T-antigen at 24 h and high expression at 48 and 72 h, accompanied by an expected, parallel increase in p53 expression (Figure 2 ). Immunoprecipitation indicated that T-antigen was in a complex with p53 ( Figure 3) . Collectively, these data indicate that the apoptotic response to CD95-mediated signals is partially inhibited during infection of MCF-7 cells with SV40.
SV40 abrogates DNA damage-induced up-regulation of surface CD95 expression CD95 expression can be up-regulated following treatment with DNA damaging agents (Micheau et al., 1997; Muller et al., 1997; Sheard et al., 1997) in a p53-dependent manner (Bouvard et al., 2000; Maecker et al., 2000; Gutierrez del Arroyo et al., 2000; Muller et al., 1998; Sheard et al., 1997) . To examine whether SV40 might inhibit this process, uninfected and SV40-infected cells were treated with mitomycin C and examined 24 h later for CD95 surface expression. Surface expression of CD95 was strongly up-regulated after mitomycin C treatment of uninfected cells, yet it remained virtually unchanged in SV40-infected cells ( Figure 4a ). Constitutive surface expression of CD95 was not signi®cantly modulated during short-term lytic infection. Surface up-regulation of CD95 after treatment with gamma-radiation or etoposide was also strongly inhibited in SV40-infected cells ( Figure 4b ). As a control for inhibition of p53 after DNA-damaging treatment in SV40-infected cultures, p53 protein expression was examined by immunoblotting. Treatment with DNA-damaging agents induced a moderate elevation of p53 expression in uninfected cells ( Figure  4c ). As expected, T-antigen expression in SV40-infected cells coincided with a high level of p53 (consistent with sequestration), and no further increase in this level was detected in cells treated with DNA-damaging agents. To con®rm the loss of p53 activity after DNA damage, infected cells were examined for their ability to arrest in G1 phase of the cell cycle after ionizing irradiation, since this model process is dependent on p53 activity Kuerbitz et al., 1992) . In uninfected cells, gamma-irradiation (8 Gy) reduced the S phase frequency by approximately half, with no concommitant reduction in G1 phase ( Figure 4d ). In contrast, irradiation had no signi®cant eect on cell cycle frequencies in SV40-infected cells, indicating that SV40 had disrupted the p53-dependent G1 checkpoint (Quartin et al., 1994; Lloyd et al., 1997; Mor et al., 1997; Levresse et al., 1998 ). These results demonstrate that loss of wild-type p53 activity in SV40-infected cells is associated with loss of DNA damage-induced upregulation of CD95 surface expression.
Mitomycin C-induced enhancement of CD95-mediated apoptosis is inhibited by SV40
Treatment in vitro with certain DNA-damaging agents, including cisplatin (Micheau et al., 1997) , bleomycin (Muller et al., 1997) , doxorubicin (Fulda et al., 1998) , and ionizing radiation (Kimura and Gelmann, 2000; Maecker et al., 2000; Sheard et al., 1999) enhances the apoptotic response to CD95-mediated signals. DNA damage occurs during carcinogenesis, but the mechan-isms used by pre-malignant cells to survive DNA damage are only partially understood. Since SV40 can be involved in transformation to a malignant phenotype, we examined whether SV40 modulates the responsiveness of DNA-damaged cells to apoptosis mediated through CD95. Uninfected and SV40-infected cells were pretreated with various low doses of mitomycin C for 18 h, treated with anti-CD95 antibody, and analysed for their level of apoptosis. A dosedependent increase in CD95-mediated apoptosis was observed following mitomycin C pretreatment in uninfected cells, but this increase was nearly abolished in SV40-infected cultures (Figure 5a ). Immunoblots of T-antigen and p53 in SV40-infected cells. MCF-7 cultures were infected together, lysed at the indicated times, and stored at 7208C in complete sample buer until immunoblotted. T-antigen (upper membrane) was probed with monoclonal antibody (mAb) PAb419, and p53 (lower membrane) probed with mAb DO-1 Figure 3 Infection with SV40 results in formation of a complex between T-antigen and p53. (a,b) Formation of complexes between p53 and large T-antigen were examined by immunoblot analysis in uninfected cells (lanes 1 ± 3) and SV40-infected cells (lanes 4 ± 6). p53 protein was immunoprecipitated with mAb DO1 (lanes 1, 4) and large T-antigen with mAb PAb419 (lanes 2, 5). As a negative control, irrelevant mAb BG-2 (anti-b galactosidase) was used (lanes 3, 6). The membrane in (a) was probed with rabbit anti-p53 serum CM1, and the membrane in (b) was probed with rabbit anti-T-antigen serum 119
Interestingly, following methanol ®xation of CD95-aggregated cells, two populations were observed that exhibited reduced side scattering of laser light ( Figure  5b ). One side scatter low population exclusively exhibited the high level of cytokeratin-18 fragments that is represented in Figure 5a , while the second population showed little or no cleavage of cytokeratin (Figure 5b) , possibly distinguishing between alternate modes of cell death mediated through CD95 (Matsumura et al., 2000; Holler et al., 2000; Sayers et al., 2000; Vercammen et al., 1998) . The ratio of these two side scatter low populations in uninfected cells was increased by CD95 aggregation (Figure 5b,c) . In contrast, this ratio was not increased above untreated levels in SV40-infected cells. Instead, SV40 infection caused a dierential increase in the side scatter low population exhibiting little or no cytokeratin-18 fragmentation following CD95 aggregation, suggesting the possibility that suppression of the CD95 ligation-induced apoptotic phenotype by SV40 may not necessarily rescue cells from a non-apoptotic cell death (Gonin et al., 1999) .
To identify the mechanistic link between abrogation of p53-dependent, DNA damage-induced CD95 upregulation and concommitant loss of enhancement in CD95-mediated apoptosis in SV40-infected cultures, we examined the cleavage of procaspase-8 into its active subunits. CD95 aggregation induced a barely detectable level of cleaved caspase-8 in uninfected cells and SV40-infected cells (Figure 6, lanes 3, 7) . In uninfected cells, the level of CD95-mediated cleavage of caspase-8 was substantially increased following pretreatment with mitomycin C (Figure 6, lane 4) . In contrast, little or no increase in CD95-mediated cleavage of pro-caspase-8 was observed after mitomycin C pretreatment in SV40-infected cells. Taken together, these data provide direct evidence that SV40 suppresses DNA damage-induced enhancement of CD95-mediated apoptosis by inhibiting increases in CD95 surface expression and, thereby, downstream activation of caspase-8.
Discussion
Recent evidence indicates that the apoptotic response to CD95-mediated signals can be regulated at the level of surface expression (Jaattela et al., 1995; Broome et al., 1998; Lee et al., 2000) , and that CD95 expression can be modulated by p53 activity (Bouvard et al., 2000; Muller It has been reported that transgenic expression of SV40 T-antigen in human liver cells (Rouquet et al., 1995) or polyomavirus T-antigen in mouse cells (Rodier et al., 2000) can inhibit CD95-mediated apoptosis. SV40 T-antigen is reported to contain a novel functional domain that suppresses apoptosis, and this anti-apoptotic activity was reported to involve binding to a Bcl-2 homology domain 3 (BH3)-containing protein and to be independent of p53 inactivation (Conzen et al., 1997; Tsai et al., 2000) . Consistent with these reports, we ®nd that expression of SV40 genes at physiological levels during cellular infection partially inhibits two manifestations of the apoptotic response to CD95-mediated signals: cytokeratin-18 cleavage and DNA fragmentation. Although p53 can regulate CD95 surface expression, p53 is not believed to positively regulate the intracellular signalling pathway downstream of CD95 aggregation (O'Connor et al., 2000) , and thus, partial inhibition of CD95-mediated apoptosis during short-term lytic infection of MCF-7 cells with SV40 was presumably independent of p53 sequestration. Having con®rmed this level of apoptosis inhibition in our model, the knowledge that T-antigen potently inhibits p53 activity suggested that SV40 infection might aect p53-dependent regulation of CD95 expression. Addressing this question, we demonstrate an abrogation of DNA damage-induced upregulation of surface CD95 in SV40-infected cells, which was preceded by the well-characterized sequestration and inactivation of p53 by T-antigen. Without the ability to induce CD95 surface expression after mitomycin C treatment, little or no functional enhancement of the apoptotic response to CD95-mediated signals was detectable in SV40-infected cells. Since the CD95:CD178 interaction represents one of the main arms of cytotoxicity mediated by Tlymphocytes and natural killer cells, we propose that loss of inducibility of CD95 surface expression and function after DNA damage in SV40-infected cells may partially contribute to evasion of the immune response in, at least, some infected cell types.
A wild-type status of p53 has been reported in the majority of mesotheliomas (Metcalf et al., 1992) , a tumour type that may be associated with expression of SV40 T-antigen in many cases (Butel and Lednicky, 1999; Carbone et al., 1999) . Exposure to asbestos may also contribute to the development of many mesotheliomas (Carbone et al., 1999 , and references therein). The results presented here argue that SV40 can strongly inhibit the enhancement of CD95-mediated apoptosis induced by DNA-damaging agents, among which asbestos is a notable constituent (Okayasu et al., 1999) . It is reasonable to speculate that up-regulation of CD95 expression after asbestos-induced DNA damage will be inhibited in SV40-infected cells, although this possibility needs to be tested, particularly in pleural mesothelial cells.
Materials and methods
Cell culture
MCF-7 breast adenocarcinoma cells were plated at subconuence in 75 cm 2 tissue culture¯asks (Nalge Nunc International, Denmark) and maintained in 5% CO 2 at 378C in Dulbecco's modi®ed eagle's medium (DMEM) containing 15% foetal bovine serum (FBS), glutamine, and antibiotics.
Reagents
Agonistic anti-CD95 IgM mAb (CH11), antagonistic anti-CD95 mAb (ZB4),¯uorescein isothiocyanate (FITC)-conjugated anti-CD95 mAb (UB2), FITC-conjugated IgG1 isotype-matched irrelevant antibody, and anti-caspase-8 mAb clone 5F7 were purchased from Immunotech (Westbrook, ME, USA). Anti-caspase-8 clone 12F5 was from Alexis (San Diego, CA, USA). CHX, etoposide, and mitomycin C were obtained from SIGMA (St. Louis, MO, USA). The M30 mAb (Boehringer Mannheim, Mannheim, Germany) was used to speci®cally recognize fragmented cytokeratin-18. mAb DO-1 recognizes the epitope 20 SDLWKL 25 on the N-terminal region of p53 Stephen et al., 1995) . PAb419 is a mAb that recognizes SV40 large T-antigen (Harlow et al., 1981) , CM1 is a polyclonal serum developed against human p53 protein , and 119 is a rabbit anti-T-antigen serum (Simanis and Lane, 1985) .
SV40 infection and treatments
Individual¯asks were infected with 0.5 ml of SV40 virus (kindly provided by Dr C Midgley) suspended in DMEM containing 20% FBS, returned to their incubators, swirled every 15 min for 2 h to keep cells moist, and then 3.0 ml of fresh DMEM containing 15% FBS was added in addition to the initial 0.5 ml. Uninfected cultures were incubated as above but received 0.5 ml of virus-free DMEM containing 20% FBS.
When exploring SV40-induced eects on CD95-mediated apoptosis, cells were infected for 30 h with addition of the sensitizing agent/protein synthesis inhibitor CHX (3 mg/ml) to all cultures in the last 6 h. Lysis of swollen, virus-laden cells was postponed from the usual time of 65 ± 70 h post-infection to approximately 80 ± 90 h post-infection by the addition of CHX. Anti-CD95 IgM antibody was then included into Figure 6 Eect of SV40 infection on cleavage of 54-55 kD procaspase-8 after CD95-mediated signalling in mitomycin Cpretreated cells. MCF-7 cells were infected for 36 h, pretreated with 0.5 mg/ml mitomycin C for 20 h, and treated with agonistic anti-CD95 antibody for 14 h before immunoblotting. The results shown were obtained using anti-caspase-8 clone 12F5. Similar results were obtained using anti-caspase-8 clone 5F7 (not shown) appropriate cultures, and cells were harvested with 0.1 % trypsin in 0.25% EGTA after another 46 h. In functional experiments combining SV40 and mitomycin C, cells were infected with SV40 for 36 h, and treated with mitomycin C for another 18 h with addition of CHX in the last 4 h. Next, cells were treated with anti-CD95 IgM antibody for 22 h, and harvested for analysis.
Detection of protein expression levels by immunoblotting
For direct immunoblotting, total cellular protein lysates were prepared by harvesting cells in hot Laemmli electrophoresis sample buer. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 10 or 12.5% gels, and transferred onto a nitrocellulose membrane in a Bio-Rad Mini Trans-Blott Electrophoretic Transfer Cell for 2 h at 48C, applying 150 mA in transfer buer (242 mM Tris, 190 mM glycine, 20% methanol). Prestained molecular weight markers (Bio-Rad, Hercules, CA, USA) were run in parallel. The blotted membranes were blocked with 5% milk and 0.1% Tween 20 in PBS for 2 h and probed overnight with speci®c monoclonal antibodies (the ®nal concentration was 1 mg of antibody in 1 ml of PBS containing 5% milk). After washing 36 in PBS plus 0.1% Tween 20, peroxidaseconjugated rabbit anti-mouse immunoglobulin antiserum (Dako, Denmark) diluted 1 : 1000 in PBS containing 5% milk and 0.1% Tween 20 was used as the secondary antibody. To visualize peroxidase activity, reagents from ECL were used according to the manufacturer's instructions.
Immunoprecipitation
Infected and uninfected cells were lysed in a solution containing 150 mM sodium chloride, 50 mM Tris pH 8.0, 5 mM EDTA, 1% NP-40, and 1 mM PMSF, for 30 min on ice. The cell extract was centrifuged at 14 000 r.p.m. for 30 min and the pellet discarded. The extract was pre-adsorbed with protein-G Sepharose CL-4B (Pharmacia). 1 g of puri®ed DO-1 or PAb419 was added and the mixtures were left overnight at 48C. The mixtures were incubated for 1 h on a rotating wheel with protein G beads. The beads were then washed 46 in lysis buer. Denaturing PAGE and immunoblotting were performed as described above. Protein from 10 ml of beads, immunoprecipitated as above, was loaded per track.
Detection of apoptosis
Apoptotic parameters were quantitatively assessed on an EPICS 1 XL¯ow cytometer (Coulter, Hialeah, FL, USA) using the manufacturer's analysis software. DNA content analyses were performed as previously described (Sheard et al., 1999) . During harvesting and staining, all pipetting and vortexing was performed unusually gently to avoid rupturing fragile, virus-laden cells. Per cent speci®c CD95-mediated apoptosis was calculated as: 1006[(experimental ± equivalently treated control cells not receiving anti-CD95 Ab)/ (100 ± equivalently treated control cells not receiving anti-CD95 Ab)]. Cells expressing cleaved cytokeratin-18 during apoptosis were stained using the M30 assay with modi®cations. Brie¯y, cells were ®xed for 2 h in methanol at 7208C, washed 16 in washing solution (PBS, 0.1% Triton X-100), washed 16 in staining solution (PBS, 0.1% bovine albumin, 0.1% Triton X-100), incubated for 2 h at room temperature in the dark with the M30 antibody diluted 1 : 250 in staining solution, washed 26 in washing solution, and resuspended in 0.5 ml PBS. Subcellular debris were eliminated from analysis by gating on forward scatter and side scatter parameters.
Detection of surface CD95 expression
Following infection, cells were treated with DNA-damaging agents, harvested, and stained with UB2 or isotype-matched antibody for 45 min at 48C. After two washes, surface expression was analysed by¯ow cytometry. Dead cells and debris were excluded according to their increased staining with propidium iodide and low forward scatter properties. All equipment was subsequently cleansed with liquid bleach or 70% ethanol.
Cell cycle analysis
Cellular DNA was stained with propidium iodide, quantitated by¯ow cytometry, and analyzed using MultiCycle AV computer software (Phoenix Flow Systems, San Diego, CA, USA) as previously described (Sheard et al., 1997) . The`background ®t' option was used to exclude subcellular debris during analysis.
